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Chapter 1: Trace elements: variable fields and applications 
Trace elements or compounds are small amounts of analytes existing in a particular matrix. 
These trace compounds can have a large impact on natural systems, such as oceans, rivers, or 
human bodies. Trace elements in the environment can highly affect the biogeochemical cycle 
and global climate, as well as human metabolism, development, and physiological functions. 
In this work, we explore the fate of iron, a trace element in atmospheric particles, by 
investigating its dissolution under atmospherically relevant conditions. The rate of Fe2+ and 
Fe3+ dissolution in different acidic solutions is investigated as a function of fly ashes (FA) 
regional production. We found that iron leach from FA depends on source regions and solution 
acidity, with the rates and concentrations of iron varying dramatically depending on the 
combustion process and mineralogy of the combustion particle.  
Besides the trace element iron in the atmospheric aerosols, in chapter three of this work, 
we explore the transport of copper, zinc and cadmium in the human cells by analyzing them 
using graphite furnace atomic absorption spectroscopy (GFAAS). Our study shows that 
GFAAS is a highly sensitive and accurate instrument to analyze trace levels of zinc in biologic 
samples with volumes less than 50uL compared to other technique like ICP-MS.  
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Iron mobility from combustion aerosol 
Aerosols are solid or liquid particles suspended in air. Atmospheric aerosols can be divided 
into several major categories: sea spray, dust, combustion products, condensation aerosols and 
arctic haze.1 Here, we will mainly focus on one type of combustion aerosol: fly ash particles 
produced from coal-fired power plants. In the early 1990s, the world-wide emission of fly ash 
reached up to 300Tg every year, with average annual emissions of 66Tg from the US, 90Tg 
from both China and India and over 31Tg from Europe.2-6 The estimated aerosol emission was 
1383Tg in 2012, which is 4 times more than in 1990s.7 Due to the increasing amount of fly ash 
aerosols, it is important to understand their impact on climate as well as biogeochemical cycles.  
Anthropogenic aerosols are mainly formed by fuel combustion processes. Although most 
of fly ashes are produced by coal plant combustion, the mineralogy and morphology are which 
to determine the structures and properties of those materials can vary, depending on different 
source areas.8,9 This mineralogy depends on the coal source and the combustion process, as 
incomplete combustions can lead to particles that are more complex. A typical fully-combusted 
fly ash particle consists of small spherical particles from ranging from 100μm to 0.001μm.1 
Given their sizes and shapes, fly ashes can be transported through long regions of the 
atmosphere, where they can adsorb vapor or other trace components and induce cloud 
formation.10,11 Because of their long-range atmospheric transport and long residence time, fly 
ash particles can be found in the open oceans far away from their original source.10,12,13  
Leaching of Fe2+ from tropospheric aerosols under acidic conditions suggests a possible 
nutrient resource for phytoplankton in the open ocean.12,14-16 Phytoplankton can promote the 
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sequestration of atmospheric carbon dioxide and transfer organic matters in themselves into 
sea spay aerosols, which will eventually escape into the atmosphere.17-20 All of the 
phytoplankton activities are controlled by the bioavailable Fe2+, thus fly ashes may have a 
potential strong impact on climate. Figure 1.1 shows a correlation between fly ashes and 
phytoplankton.21  
Figure 1.1: The map shows a correlation between possible phytoplankton and iron-containing aerosol 
deposition. Red: high levels of chlorophyll from phytoplankton and high levels of dust deposition. The 
chlorophyll measurements are from 1998 observations from the SeaWiFS (Sea-viewing Wide Field-of-
view Sensor) instrument on the OrbView-2 satellite. 
 
Previous studies have shown that among 5% to 38% of total iron leaching from mineral 
dust, which is a natured source of iron in the open ocean, is bioavailable Fe2+ dissolved by 
proton-promoted dissolution.22 Besides mineral dust, combustion aerosols like fly ash contain 
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various elements from the combustion including a relatively large iron oxide content, which is 
also considered a source of atmospheric aqueous iron. Over 50% of iron in industrial areas and 
5% in the open oceans are contributed by anthropogenic aerosols.23 This relatively large 
amount of Fe2+ could potentially have a strong impact on phytoplankton growth. The amount 
of Fe2+ leaching from the aerosols is highly dependent on the source regions, mineralogy, and 
combustion process.8,9,22 Yet, despite the fact that aerosol solubility depends on contact area 
between solvent and particle, there is little correlation between the relative rates and yield of 
dissolved iron with particle size and relative surface area.24 The mineralogy and particle sizes 
of fly ashes depend highly on the combustion process of coal in various power plants, including 
the materials used, the duration of combustion, heat of combustion, the efficiency of the 
combustion and other factors.25 Hettiarachchi el. at shows that the amount of Fe2+ dissolved 
under acidic conditions from fly ashes of different regions varies dramatically.9 Therefore, in 
this study, we choose three distinctive source regions: India, Europe and United States fly ash 
samples to observe the concentration and kinetic rate of iron leaching under acidic conditions.  
Atmospheric sources of nitrites and nitrous acid  
Nitrous acid (HONO) is a weak acid in aqueous solution that forms nitrite ions upon 
deprotonation.1 Under the sunlight, HONO will photolyze in the troposphere and form 
hydroxyl radials (OH•). These OH radicals are the most important oxidizing agent in the 
atmosphere since they react with and degrade anthropogenic pollutants, thereby removing them 
from the lower anmosphere:26,27  
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HONO + ℎ𝑣 (λ < 400nm) → OH ∙ + ∙ NO (1.1) 
Besides HONO, NO2- can also undergo direct photolysis reaction to form OH radicals: 
NO2
− + ℎ𝑣 (λ < 400nm) → OH ∙ + ∙ NO (1.2) 
However, the pathways of HONO/NO2- formation in the atmosphere are not well known. 
Previous studies in our laboratory have demonstrated possible pathways of HONO formation 
that include heterogeneous reactions on humid surfaces and photoenhanced reactions on 
photoactive aerosol surfaces.28-30 In addition, alternative mechanisms for HONO/NO2- 
formation have been proposed from nitrite-producing microbes in soil or direct traffic 
emission.31-32 Figure 1.2 summeries some of the possible reaction pathways for HONO/NO2- 
formation in the atmosphere.33  
 
Figure 1.2: Possible pathways for formation of HONO/NO2- in the atmosphere. purple arrow 
represents direct emission, R2 (cyan arrow) represents gas-phase reactions, R3 (blue and red 
arrows) represents heterogeneous reactions, R1 represents photolysis and black arrows present 
uptake on surfaces.  
More recently, our laboratory has found a daytime source of HONO via NO2 
photosensitization.29 However, high concentrations of HONO/NO2- in the atmosphere, 
especially at daytime, indicate that there are still unknown pathways for HONO/NO2- formation. 
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Moreover, direct emission can only partly explain the HONO/NO2- concentration because the 
mean of ratio HONO/NOx is 0.3% for North American, ~0.8% for Europe during the nighttime, 
which is significantly smaller than the typical value 2-10%.34-36  
Trace elements in human bodies 
The transition and heavy metals like Zn, Cu, Fe are essential for our bodies and other l. 
Organisms must maintain these metals at precise amounts. A shift in the trace metal equilibrium 
in cells can lead to toxicity. Mammals acquire these metals by diet, but also by inhalation of 
atmospheric particles.37-41 Due to anthropogenic activities, many crustal elements like As, Cu, 
Fe, Zn, Pb have been detected in the various rivers, soils, and in the atmospheric particles.28,42 
These distributions increase the chance for biological transport of metals into cells.  
Zinc is an important essential element for physiological functions that include immunity, 
DNA metabolic repair and reproduction and vision, among other functions.43-45 Deficiency of 
Zn is characterized by low growth, lack of appetite, and immune system damage.45-48 Moreover, 
Zn deficiency can cause loss of hair, hypogonadism, diarrhea and eye and skin lesions.45-48 
Conversely, excess Zn is cytotoxic and impairs absorption of other necessary metals.49-51 
Besides Zn, an imbalance of other metals like Cu will also cause severe, even fatal diseases, 
such as swayback.47,52 Thus, it is imperative to advance technologies to accurately determine 
the abundance of trace elements in biological samples. Moreover, in developing organisms, the 
required amounts of bioavailable trace elements are different at various stages of development. 
Therefore, a precise determination of abundance is essential to understand how trace elements 
10 
 
influence the development of cells at different stages. 
In the previous studies, inductively coupled plasma mass spectrometry (ICP-MS)  has 
been used to analyze various ion concentrations in biology samples.53,54 However, the 
limitation of ICP-MS is that it requires several milliliter samples which generally exceeds the 
amount obtainable from cell samples.54 Another useful technique is flame atomic absorption 
spectrometry which utilizes droplet sized samples.55 However, the limitation of this technique 
is that the limit detection is in parts per million (ppm) which is higher than the trace element 
concentration presented in the samples.55,56 Thus, we introduce graphite furnace atomic 
absorption spectrometry (GFAAS) to quantify the trace elements in cell samples. The GFAAS 
technique is highly sensitive and can quantify extremely low concentrations at parts per billion 
(ppb) level with small volume of samples injections, making it ideal for analyzing the 
biological or environmental samples in our study.55 
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Chapter 2: Iron mobility and nitrite formation from fly ash particles 
Abstract  
Atmospheric fly ash aerosols are byproduct of coal-fired power plants that contain 
bioavailable iron. Under the acidic conditions, iron will leach from fly ash particles influencing 
the global biological cycle. Moreover, in the presence of nitric acid, iron can reduce nitrate to 
nitrite, which can photodissociate to form NO and OH radicals in the atmosphere. However, 
quantification of aqueous nitrite formation by atmospheric aerosols is not well understood. This 
study reports the iron mobility and nitrite (NO2
− ) formation in fly ash from three different 
locations: Mid-western USA, Europe and India. In addition, the effect of two acids, HCl and 
HNO3, pH dependency and presence of light were investigated in this study. A proton-promoted 
reaction occurs in HCl, giving the maximum amount of iron dissolved in the solution. However, 
in HNO3 a surface-driven reaction occurs, resulting in no observation of dissolved Fe2+. 
Moreover, the iron concentration is significantly smaller in HNO3 due to the direct bonding 
effect. In addition, nitrite concentration increases under light for well-combusted particles due 
to the photolytic reaction of Fe2O3. However, nitrite concentration decreases for poorly-
combusted particles due to the photochemical reaction of nitrite, which reaches the steady state. 
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Therefore, fly ash presents a potential pathway to produce NO2
− by bioavailable Fe2+. 
Introduction 
 Despite its abundance in the earth crust, iron is a limiting micronutrient for marine 
organisms in the ocean as well as in the environment.28 One contribution of iron to the open 
ocean surface comes from the deposition of aerosols, which supply 5% of the total amount of 
iron deposited.23 Every year, over 700 Tg of aerosols are disposed into the world’s ocean, which 
is consider one of the major source for the bioavailable iron.28 Fly ash, produced by coal 
combusting power plants, is one of the aerosols that is responsible for the iron content in the 
open ocean. The iron in fly ash particles is predominately in the form of ferric and ferrous iron 
oxide .8,22,28 It has been proposed that under the acidic condition, the deposition of iron will 
increase by the dissolution of atmospheric particulate matter.57-59 For example, Meskhidze et 
al showed Gobi desert mineral dust forms a deliquescent layer at pHs lower than 2.59 This 
deliquescent layer gives a possible pathway for iron mobility by enhancing proton promoted 
iron dissolution which will increase the iron dissolution into aqueous Fe around the particles.60 
Acidification can also serve to stabilize Fe2+, bioavailable iron, because the oxidation rate of 
Fe2+ decreases as the pH decreases.61-62  
 Besides the bioavailable Fe in the open ocean, NO2
− is also contributed by atmospheric 
water. Nitrite is the conjugate base of nitrous acid (HONO), an important atmospheric precursor 
of ·OH radicals.1 Under the light, nitrite themselves can  generate hydroxyl radials (OH•), the 
main oxidizing agent in the troposphere.26,27 Due to their high photosensitivity, no NO2
− or 
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HONO should present at daytime. However, large amounts of HONO have been measured in 
the troposphere, leading to a steady-state daytime concentration of NO2
− /HONO from 
unknown sources.34-36 One of possible sources of NO2
−  is the reduction of nitrate into nitrite 
by Fe2+ presented in the fly ash: 
2H+ + NO3
−(aq) + 2Fe2+(aq) → 2Fe3+(aq) + NO2
−(aq) + H2O (2.1) 
Therefore, we hypothesize that under nitric acid fly ash will generate aqueous nitrite and 
mobilize iron into the aqueous phase. 
 In this work, we investigate the initial rate of Fe2+ and Fe3+ dissolution, and nitrite 
formation from fly ashes of three different regions: United States, India and Europe. We also 
investigated how the role of acidities: pH1 and pH2, nitric acid (HNO3) and hydrochloric acid 
(HCl) as well as daytime and nighttime will affect the kinetic rate of iron leaching and nitrite 
formation from different fly ashes.  
 
Experimental methods 
Source materials 
Fly ash (FA) samples were obtained from the stacks of coal-fired power plants located in 
three different regions: United States (USFA) from the Midwest region, Indian fly ash (INFA) 
from north-eastern India, and European fly ash (EUFA from a commercially available standard 
of fly ashes (BCR®-176R) obtained from the European Commission. Some properties of three 
fly ashes have already been characterized by previous research group members.28 Besides the 
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major components of aluminum oxides and silicon oxides, fly ashes contain relative larger 
amounts of Fe than other elements. Table 2.1 shows the distribution percentages of the main 
heavy metals contained in the three sources of fly ashes. 
 
Table 2.1: Percentage of major crustal elements contained in fly ashes determined by X-ray 
fluorescence spectroscopy (XRF) 
Sample %Fe %Ca %Zn %Ti %Sr 
USFA 40±1 35.8±0.2 1.0±0.1 3.6±0.1 10.5±0.4 
INFA 74±3 4.3±0.1 1.0±0.1 5.0±0.1 2±2 
EUFA 11.6±0.6 29±1 28±1 3.7±0.2 1.7±0.1 
 
Through scanning electron microscope (SEM), the aluminum, silicon and iron are 
observed to be evenly distributed in the fly ashes. Although iron is homogeneously distributed 
in the fly ash particles, iron can be surrounded by the aluminosilicate framework. These fly ash 
samples are characterized as class C and the surface areas are measured by 11-point Brunauer-
Emmet-Teller (BET) surface analyzer (Quantacrome e400), presenting in Table 2.2:  
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Table 2.2: total iron and surface areas of three fly ashes and mullite.  
Sample Total iron (mg g-1) Surface area (m2 g-1) 
USFA 382 1.80.1 
INFA 253 2.070.04 
EUFA 9.40.8 2.80.1 
Mullite N/A 3.30.2 
N/A: no application 
 
Iron leach experiments 
Dissolution experiments of iron species were carried out in 1 g/L fly ash suspensions with 
constant stirring at 298K in an isothermal jacketed beaker. The acidic solutions for the 
suspensions consisted of hydrochloric acid or nitric acid with a controlled pH of 1.0±0.1 or 
2.0±0.1. These pHs are representative of the tropospheric acidic conditions.100 In addition,  
under our experimental conditions, Fe3+ precipitates as Fe(OH)3 at pH value higher than 3.6.64 
Thus, the upper limit of pH 2.0±0.1 allows fly ash to experience atmospheric conditions while 
avoiding side reactions.65  
Even through the rate of ferrous iron oxidation is very low, in a multi-day experiment 
aqueous Fe2+ will oxidize in the presence of dissolved atmospheric oxygen, especially when 
pH increases.66 To better understand the source and speciation of iron, all experiments were 
performed under a nitrogen atmosphere after purging oxygen from the acidic solution.67 The 
oxygen-free environment allows the analysis of Fe2+ and Fe3+. In addition, to avoid effects due 
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to changes in the ionic strength as fly ash dissolves, the suspensions were maintained at a  
ionic strength of 1.0 M. Specifically, the concentrations were adjusted for HCl suspensions 
with 1M NaCl or HNO3 suspensions with 1M NaNO3. 
 Suspension experiments were carried out in the presence and absence of solar radiation.  
All “nighttime” experiments took place in a dark enclosure, while “daytime” experiments were 
conducted under a solar stimulator providing approximately 1.361 kW/m2, or 1-solar constant 
(solar radiation at the top of the atmosphere). Because nitrite is a photosensitive compound, 
under the light, nitrite form via Equation 1.1 or 1.2 and will undergo a photodegradation 
(equation 1.2), decreasing its concentration over time.26,68 In principle, during nighttime the 
formation of iron and nitrite only depends on the acidic media and pH value.  
 Kinetic measurement started when fly ash powder was added to an acidic solution in the 
jacketed beaker, producing the suspension at time t=0 min. Subsequent 10mL of aliquots of 
suspension were taken out at specific time intervals, filtered using a 0.2μm filter to be analyzed 
for iron and nitrite. Fe2+ content was determined by formation of an orange 1,10-phenanthroline 
complex, absorbing visible light at 510nm.69 The total iron content was also determined by the 
same method but hydroxylamine was added during first for 10 mins, in order to convert Fe3+ 
to Fe2+ as shown in Figure 2.1  
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Figure 2.1: Determining iron concentration by 1,10-phenanthroline and hydroxylamine. 
The nitrite content was determined using a Griess reagent to form a purple complex, that 
absorbs visible light at 540nm.70 The quantification was performed in the dark room because 
the Griess reagent is sensitive to the light. All colorimetric measurements were done using a 
Lambda 35 Perkin-Elmer UV/Vis spectrophotometer. 
Result and Discussion 
Role of acidic media on iron mobility and nitrite formation with proposed mechanism 
Figure 2.2 shows the fraction of Fe dissolution in an HCl suspension with respect of time 
at pH 1.0±0.1 during daytime and nighttime.  
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Figure 2.2: Fraction of Fe species dissolved from fly ashes at pH 1 in an HCl acidified 1.0 M 
NaCl solutions. Plots on the left (solid symbols, blue background) represent nighttime iron 
mobility. Plots on the right (hollow symbols, yellow background) represent daytime iron 
mobility. Legend: black represents INFA, red represents USFA, and blue represents EUFA.  
0 100 200 300
0.0
0.2
0.4
0.6
0.8
1.0
F
et
o
ta
l /F
e b
u
lk
Time (min)
0 100 200 300
0.0
0.2
0.4
0.6
0.8
1.0
F
e3
+
/F
e b
u
lk
Time (min)
0 100 200 300
0.0
0.2
0.4
0.6
0.8
1.0
F
e2
+
/F
e b
u
lk
Time (min)
HCl
Nighttime Daytime
0 10 20 30
0.0
0.2
0.4
0.6
0.8
1.0
 INFA
 USFA
 EUFA
F
e2
+
aq
/F
e b
u
lk
Time (min)
0 100 200 300
0.0
0.2
0.4
0.6
0.8
1.0
 INFA
 USFA
 EUFA
F
e2
+
aq
/F
e b
u
lk
 
Time (min)
0 100 200 300
0.0
0.2
0.4
0.6
0.8
1.0
F
e3
+
aq
/F
e b
u
lk
 
Time (min)
0 100 200 300
0.0
0.2
0.4
0.6
0.8
1.0
F
et
o
ta
l
aq
/F
e b
u
lk
 
Time (min)
19 
 
The concentrations of both Fe2+ and Fe3+ increase with the suspension time for all three 
ash samples. The EUFA has the highest Fe2+ content fraction, up to about 30%, while the USFA 
and INFA only have 2-3% Fe2+ fractions during nighttime experiments. However, the opposite 
situation is observed for the fraction of Fe3+ dissolved in samples: USFA leaches the most with 
up to 80%, followed by EUFA, with a maximum at around 30%. INFA leaches the least amount. 
The well-combusted fly ash particles contain mostly Fe3+, while the poor-combusted particles 
will mainly contain Fe2+.9,28 Thus, we conclude that EUFA is a partially combusted aerosol and 
USFA and INFA are well combusted aerosols, which are consistent with the description of these 
materials. Also, the iron content in the form of Fe2O3 and FeO in magnetite fly ash will 
commonly undergo a proton promoted redox reaction, which explains the existence of Fe2+ and 
Fe3+:71 
1
2
Fe2O3(s) + 3H
+(aq)
        
→     Fe3+(aq) +
3
2
H2O(l) (2.2) 
FeO(s) + 2H+(aq)
        
→     Fe2+(aq) + H2O(l) (2.3) 
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Figure 2.3: Mass of Fe per surface area basis from fly ashes at pH 1±0.1 in acidified 1.0 M 
NaCl solutions as a function of time. Plots on the left (solid symbols, blue background) 
represent nighttime iron mobility. Plots on the right (hollow symbols, yellow background) 
represent daytime iron mobility. Legend: black represents INFA, red represents USFA, and blue 
represents EUFA. 
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Figure 2.3 shows the mass of Fe per surface area determined in Table 2 for three ashes 
under the same condition in Figure 2.2. The increasing trend in these plots is also observed for 
all Fe content. However, with the comparison of Figure 2.2 for Fe2+, EUFA still has the largest 
content per surface area; USFA has slightly higher content per surface area than that for INFA. 
For Fe3+, although EUFA has a higher Fe3+ content fraction (20%) than INFA, INFA has a 
similar mass Fe3+ per surface area to EUFA, and even higher after 270 minutes. This indicates 
that the amount of iron leached in acidic media is highly correlated to the mineralogy and 
combustion process of individual fly ash. The previous study done by Jaya et al shows that the 
dissolution correlation doesn’t only depend on one factor but with a combination of mineralogy, 
surface area and components in fly ashes.28 Also, Hettiarachchi et al conclude the same finding 
with different types of fly ash aerosols.9  
However, in the presence of HNO3, the Fe dissolution behaves completely differently. 
Figure 2.4 shows the fraction of Fe dissolution with respect of time in 1M NaNO3 solution at 
pH 1.0±0.1 during daytime and nighttime.  
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Figure 2.4: Fraction of Fe species dissolved from fly ashes at pH 1±0.1 in acidified 1.0 M 
NaNO3 solutions as a function of time. Plots on the left (solid symbols, blue background) 
represent nighttime iron mobility. Plots on the right (hollow symbols, yellow background) 
represent daytime iron mobility. Legend: black represents INFA, red represents USFA, and blue 
represents EUFA. 
23 
 
In contrast to the data in Figure 2.2, no Fe2+ content is found for the experiments done in 
the presence of HNO3 for all three ashes under both daytime and nighttime experiments. The 
Fe3+ content in HNO3 is significantly smaller than that in HCl. The EUFA and USFA only have 
~10% Fe3+ content which are 70% and 20% smaller than HCl during nighttime, respectfully. 
INFA has less than 5% Fe3+ fraction. In fact, nitrate acts as a source of physical interface during 
redox reactions in the acidic media between the reactants’ surface and the solution, resulting a 
significantly lower concentration of dissolved iron and a slow kinetic rate.30 Although the 
Fe3+/total Fe fraction is significantly lower, the increasing trend remains the same for the three 
ashes, where USFA still leaches the most iron, followed by EUFA and INFA in nighttime and 
daytime experiments. Figure 2.5 shows the results of mass of Fe dissolved per surface area in 
HNO3, which is consistent with the argument, that dissolution depends on mineralogy for HCl. 
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Figure 2.5: mass of Fe per surface area for fly ashes at pH 1±0.1 in acidified 1.0 M NaNO3 
solutions as a function of time. Plots on the left (solid symbols, blue background) represent 
nighttime iron mobility. Plots on the right (hollow symbols, yellow background) represent 
daytime iron mobility. Legend: black represents INFA, red represents USFA, and blue 
represents EUFA. 
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As shown in Figures 2.4 and 2.5, no detectable Fe2+ was observed in the HNO3 suspensions, 
with the exception of a small amount (1ppm) at daytime. These results indicate that NO3
− is 
acting as an oxidizing agent, converting Fe2+ into Fe3+ under dark conditions according to the 
redox equations  
2Fe2+(aq) → 2Fe3+(aq) + 2e−  (2.4) 
2e− + 2H+ + NO3
−(aq) → NO2
−(aq) + H2O (2.5) 
with an overall reaction 
2Fe2+(aq) + 2H+ + NO3
−(aq) → 2Fe3+(aq) + NO2
−(aq) + H2O (2.6) 
Given that the free energy change for equation (2.6) is estimated to be −16.3 kJ mol−1, the 
oxidation of Fe2+ to Fe3+ is thermodynamically favored under acidic conditions. 72 The 
observation of nitrite formation is further proof that reaction (2.6) is responsible for the absence 
of Fe2+ in HNO3 suspensions. Figure 2.6 shows a time-dependent formation of nitrite at pH 1, 
in the presence and absence of solar radiation.  
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Figure 2.6: Nitrite formation vs. time at pH 1 for both nighttime and daytime experiments for 
all three ashes. Black represents INFA, red represents USFA, and blue represents EUFA. Gray 
filled symbols represent nighttime experiments and yellow filled symbols represent the 
daytime experiments. 
 
For EUFA, the relatively large fraction of reducing Fe2+ observed in the presence of HCl 
leads to the highest yield of NO2
−, up to 25μM in nighttime experiments and 15μM in daytime 
experiments. Conversely, INFA leaches the lowest amount of available Fe2+, thus 
corresponding to the lowest amount of NO2- produced among three ashes. A controlled 
experiment, performed using iron-free mullite (the main aluminosilicate component in fly ash), 
resulted in no detectableNO2
−. The lack of NO2
− formation in free-iron samples indicates that 
no nitrate-surface reactions contributes to NO2
− formation.29,73  
Our characterization of fly ash demonstrates that most of the iron content in the particles 
is found on the surface, consistent with Cwiertny et al.22,28 Moreover, excess nitrate can directly 
bind to iron oxides on surface.29,73 Therefore, due to the direct binding of nitrate on the Fe2O3 
surface, nitrate will likely slow down the leaching of Fe from fly ash, which explains the low 
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rates and yields of Fe3+ in HNO3 experiments. However, judging by the Fe3+ content in HNO3, 
we find that fly ashes do not undergo a proton-promoted pathway like they do in HC,l due to 
that the experimental NO2- concentration is 5 times higher than expected value even if all the 
aqueous Fe3+ was converted from aqueous Fe2+ form and no Fe3+ leached into the solution from 
fly ashes. Cwiertny et al concludes that a surface-mediated, non-photochemical redox reaction 
occurs between Fe and nitrate:22 
2H+ + NO3
−(aq) + 2FeO(a) → Fe2𝑂3(a) + NO2
−(aq) + H2O (2.7) 
We speculate that when the solid FeO on the surface of the particles dissolves into the 
nitric acid, nitrate will immediately bond to the solid Fe2O3 surface and became reduced to 
nitrite. Since the dissolution is still under the acidic condition, the proton will decompose Fe2O3 
on the surface into aqueous Fe3+.71 Plotting the concentration of Fe2+ dissolved in the HCl with 
nitrite produced form HNO3 suspensions gives a stoichiometric relationship of 2.0±0.2 in 
Figure 6, what is predicted by Equation 2.7.  
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Figure 2.7: Stoichiometric relationship of available Fe2+ as determined in HCl suspensions and 
NO2
− produced from HNO3 suspensions. The ratio Fe2+:NO2
− was determined by the slope 
(dashed grey line) of 2.0±0.2. Green line corresponds to the 2:1 stoichiometric relation from 
reaction 3. 
Figure 2.7 shows that the relationship between Fe2+ and nitrite is pH independent. No INFA 
nitrite data at pH2 is shown due to the low Fe2+ concentration, leading to non-detectable nitrite. 
The stoichiometric relationship for the first 3 points for INFA and USFA with a small fraction 
of Fe2+ is slightly higher than 2, due to the overestimation of Fe2+ concentration in HCl. HCl 
will decompose the aluminoslicate structure to extract the iron trapped inside.28,74 However, 
due to the nitrate direct bonding effect, the iron trapped in aluminoslicate will not be leached 
into the solution, resulting in an overestimate of iron concentration to calculatein the 
calculation. For EUFA which has mainly Fe2+ content in the particle, the stoichiometric 
relationship is close to 2. Therefore we conclude that a surface-driven iron dissolution take 
places in HNO3, which explains why no Fe2+ is observated for all three ashes.  
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Kinetic rate of iron mobility and nitrite formation in different pH 
In addition to pH 1.0±0.1, we also studied suspensions at pH 2.0±0.1 for all three ashes 
under both acidic medias. Figure 2.8 and 2.9 show the fraction of Fe dissolved with respect to 
time at pH 2.0±0.1 during daytime and nighttime experiments with HCl or HNO3. All of 
phenomena are consistent with those discussed previously for pH1 experiments, which further 
verify our explanation of the proton-promoted HCl reaction and surface-driven HNO3 reaction 
given in Equations 2.2, 2.3 and 2.7. Moreover, according to Figure 2.10 and 2.11, the amount 
of iron dissolved in the experiments pH2 is due to the mineralogy of the ash particles.  
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Figure 2.8: Fraction of Fe species dissolved from fly ashes at pH 2±0.1 in acidified 1.0 M 
NaCl solutions as a function of time. Plots on the left (solid symbols, blue background) 
represent nighttime iron mobility. Plots on the right (hollow symbols, yellow background) 
represent daytime iron mobility. Legend: black represents INFA, red represents USFA, and blue 
represents EUFA. 
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Figure 2.9: Fraction of Fe species dissolved from fly ashes at pH 2±0.1 in acidified 1.0 M 
NaNO3 solutions as a function of time. Plots on the left (solid symbols, blue background) 
represent nighttime iron mobility. Plots on the right (hollow symbols, yellow background) 
represent daytime iron mobility. Legend: black represents INFA, red represents USFA, and blue 
represents EUFA. 
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Figure 2.10: Mass of Fe per surface area basis from fly ashes at pH 2±0.1 in acidified 1.0 M 
NaCl solutions as a function of time. Plots on the left (solid symbols, blue background) 
represent nighttime iron mobility. Plots on the right (hollow symbols, yellow background) 
represent daytime iron mobility. Legend: black represents INFA, red represents USFA, and blue 
represents EUFA. 
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Figure 2.11: Mass of Fe per surface area basis from fly ashes at pH 2±0.1 in acidified 1.0 M 
NaNO3 solutions as a function of time. Plots on the left (solid symbols, blue background) 
represent nighttime iron mobility. Plots on the right (hollow symbols, yellow background) 
represent daytime iron mobility. Legend: black represents INFA, red represents USFA, and blue 
represents EUFA. 
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By comparing Figure 2.2 and 2.8 or Figure 2.4 and 2.9, it can be seem that increasing pH 
inhibits iron dissolution in both acid medias for all three fly ashes. With an increasing pH, the 
iron concentration drops dramatically due to the rapid decreasing of protons concentration 
around the fly ashes. In fact, Zhu et al. have found that from pH 1 to 8, a 10-13 factor is 
associated the ferric iron solubility from hematite.75  
Figures 2.2 and 2.8 reveal a two-step pathway for iron dissolution for all of three fly ashes 
for Fe2+ and Fe3+: immediately rapid iron dissolution when the fly ashes are introduced into 
HCl solution, followed by a slow dissolution for both daytime and nighttime experiments at 
both pH1 and pH2. The same two pathways occur for Fe3+ in HNO3 as well, except for USFA 
during the daytime at pH1. The initial iron dissolution is too fast to be measured according to 
our experimental conditions but can still be clearly observed in all three ashes. The fast 
dissolution rate occurs between the t=0 min to the first sample point at t=5 min where the 
measurement is in the limit detection. However, the slow dissolution rate is taken from the first 
sample, t=5 min, to the sample within a linear slope, which is determined from the derivation 
of data within a 95% confident interval shown in Table 2.3 and Table 2.4 for both acidic 
medias.29 Due to the non-observable Fe2+ concentration, the rate of Fe3+ dissolution is the same 
as that of total iron in HNO3 solutions.  
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Table 2.3: Initial rate of the fast (vf) and slow (vs) dissolution pathways of iron species leached 
from fly ash in HCl solutions. Shadow rows indicate nighttime experiments and light rows 
show data for daytime experiments. Errors represent standard deviations of data obtained from 
at least three experiments. USFA, United States fly ash; INFA, north-east Indian fly ash; EUFA, 
European fly ash 
pH Sample 
vf (×10
13 molec. cm-3 s-1) vs (×10
13 molec. cm-3 s-1) 
Fe2+ Fe3+ Total Fe Fe2+ Fe3+ Total Fe 
1 
USFA 
0.78±0.10 70±7 71±7 0.2±0.1 6±6 3.5±0.8 
0.8±0.5 51±3 52±3 0.26±0.09 13±9 5.1±0.9 
INFA 
n.o 1.2±0.2 1.1±0.2 0.04±0.03 0.17±0.09 0.17±0.07 
n.o n.o n.o n.o 0.22±0.06 0.22±0.02 
EUFA 
1.0±0.5 5.6±0.6 6±2 0.55±0.10 0.6±0.2 1.1±0.4 
1.5±0.8 12±2 10±2 n.o 0.9±0.4 0.8±0.1 
2 
USFA 
0.18±0.08 7.6±0.9 7.7±0.9 0.07±0.06 9.3±1.0 4.4±0.6 
n.o 12±6 11±5 n.o 7±0.5 7.1±0.7 
INFA 
n.o 0.3±0.4 0.3±0.4 n.o 0.19±0.01 0.204±0.003 
0.27±0.10 n.o n.o 0.06±0.06 n.o 0.15±0.9 
EUFA 
n.o 0.5±0.6 0.5±0.6 n.o 0.2±0.1 0.33±0.02 
2.1±0.5 3±2 3.8±0.5 0.5±0.2 1.8±1.0 1.2±0.3 
n.o.: Not observed 
In Table 2.3, faster or equal total iron dissolution rates under irradiation are observed by 
comparison to the nighttime experiments in HCl solution. In the present of light, iron oxides in 
the fly ash particles will generate conduction band electrons by promotion of valence band 
electrons photolytically. The conduction band electrons can be consumed via two reactions: 1. 
Fe3+ reduction; 2. formation of hydrogen:76 
Fe3+ + 𝑒𝑐𝑏
− → 𝐹𝑒𝑎𝑞
2+ (2.8) 
2H+ + 2ecb
− → H2 ↑ (2.9) 
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Table 2.4: Initial rate of the fast (vf) and slow (vs) dissolution pathways of iron species 
leached from fly ash in HNO3 solution. 
pH Sample 
vf (×10
13 molec. cm-3 s-1) vs (×10
13 molec. cm-3 s-1) 
Total Fe Total Fe 
1 
USFA 
11.6±0.7 0.6±0.1 
37±2 n.o 
INFA 
0.2±0.3 0.050±0.003 
0.09±0.06 0.048±0.009 
EUFA 
1.7±0.2 0.18±0.01 
1.4±0.2 0.15±0.03 
2 
USFA 
5.5±0.5 1.2±0.2 
4±2 0.7±0.2 
INFA 
n.o 0.031±0.004 
0.2±0.2 0.04±0.03 
EUFA 
0.3±0.1 0.17±0.08 
0.5±0.1 0.13±0.05 
n.o.: Not observed 
 
Table 2.4 summarizes the initial rates of suspension experiments of fly ash in HNO3. In 
general, iron mobility in HNO3 is not only slower but also leads to lower total iron yield. It has 
been reported that the Fe3+-Cl complex formed by abundant Cl- in the solution can reduce the 
redox potential of the Fe3+/Fe2+ couple.77 Therefore, the complexes can remove the conduction 
band electrons more efficiently via Equation 2.8. However, in the absence of light, no 
conduction band electrons are formed, leading to a nonreductive dissolution process. Hence, 
the presence of Cl- and light will lead higher iron dissolution rates under irradiation.  
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Role of solar radiation 
As indicated above, the experiment is also examined with or without a solar stimulator to 
mimic the nighttime and daytime. By comparing Figures 2.2, 2.4, 2.8 and 2.9, the Fe dissolution 
fraction under daytime conditions is smaller than that under nighttime for all three ashes except 
USFA at pH 1 in HNO3 solution. In Figure 2.6, for EUFA, the amount of daytime produced 
nitrite is smaller than that produced in the nighttime experiments. At the beginning, the nitrite 
concentration is increasing because a thermodynamically surface-driven reaction occurs, as 
discussed previously. With the increasing time, less Fe2+ is consumed due to the direct bonding 
effect from NO3-, resulting less NO2- formation. Moreover, under the solar stimulator, nitrite 
will follow a photochemical reaction which is shown in Equation (1.1), resulting in decreased 
amounts of NO2-. The data suggests that a quasi-steady state of nitrite is reached at around 200 
min.  
However, for INFA and USFA, the nitrite concentration in daytime is higher than at 
nighttime, which is contradictive to the behavior of EUFA. While Lesko D. et al. show that 
nitrates can photoreduce heterogeneously on the surface of aluminum oxide, mullite control 
experiments show no NO2
− formation, indicating the aluminumsilicates will not affect the 
nitrite formation in aqueous phase .29 Out of the three ashes studied herein, more Fe3+ is present 
in INFA and USFA. Under irradiation, semiconductor Fe2O3 will undergo a photochemical 
reaction to generate electron-hole pairs:78  
Fe2𝑂3 + ℎ𝑣 → 𝑒
− + ℎ+  (2.10) 
providing a path for a photocatalytic reaction for nitrate reduction into nitrite,  
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𝑁𝑂3
− + 𝑒− → 𝑁𝑂2
−
 (2.11) 
So instead of just a thermodynamic reaction for EUFA, the USFA and INFA will conduct 
a photocatalytic reaction afterward as well to generate more nitrite in the daytime than 
nighttime. Moreover, by comparing the fraction of Fe3+ under pH1 in nitric acid, the fraction 
is higher in the daytime than in the nighttime, which further substantiates our hypothesis. The 
same trend for nitrite is observed in pH 2 solution in Figure 2.12.  
 
Figure 2.11: Nitrite concentration formation at pH 2 in both nighttime and daytime for all three 
ashes. 
As we discussed previously, iron oxides can also generate conduction band electrons as 
shown in Equation 2.8, providing a potential pathway to produce nitrite according to Equation 
2.6. Oxidizing Fe2+ to Fe3+ explains the absence of Fe2+ in all fly ashes. However, by comparing 
the Fe3+ in HCl, no significant increase was observed for USFA and INFA, indicating that the 
photolytic reaction for nitrate reduction is not a primary pathway in this study.  
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Conclusion 
In the previous studies, fly ash aerosols are proven to be a source of bioavailable Fe2+ 
which can also reduce nitrate into nitrite in the atmosphere. However, no laboratory studies 
have shown the quantification for nitrite produced by iron previously. In this study, we 
demonstrate iron dissolution and, for the first time, nitrite formation from fly ashes in three 
different regions: USA Mid-western, India and Europe. In HCl suspensions, a proton-promoted 
reaction occurs, giving the maximum percentage of iron leach from fly ashes from the acidic 
medias, followed the order USFA>EUFA>INFA. Comparing the amount of iron dissolved with 
the surface area of particles, our study finds that the mineralogy and region contributed 
significantly to the amount of iron in the fly ashes: USFA and INFA are fully combusted with 
more Fe3+, while EUFA is partially combusted with more Fe2+. However, in HNO3 suspensions, 
our study shows that no Fe2+ was observed. By comparing nitrite concentrations produced in 
HNO3 suspensions with the Fe2+ concentration generated in HCl suspensions, a stoichiometric 
relationship of 2 is determined, indicating that instead of proton-promoted reaction, a surface-
driven reaction occurs, transferring FeO to Fe2O3 directly. Subsequently, Fe3+ is leached into 
the solution by a proton-promoted reaction. Moreover, the iron level is significantly lower in 
HNO3 than in HCl due to the direct binding effect of nitrite with metal oxides that prevents 
metal oxides leaching into the solution. 
Our study also investigates the impact of pH on the rate of iron dissolution. With increasing 
pH, the amount of dissolved iron decreases, resulting in a decrease in nitrite formation for 
HNO3 suspensions as well. In addition, our study shows that the presence of light will affect 
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the iron dissolution and nitrite formation. Under irradiation, Fe3+ contributes electron-hole pairs, 
which reduce Fe3+ to Fe2+. However, with presence of Cl-, the Fe3+-Cl complex decreases the 
redox potential of the Fe3+/Fe2+ couple, therefore giving higher iron dissolution in light than in 
dark. Moreover, the nitrite concentration increases for fully combusted particles: USFA and 
INFA under irradiation while it decreases for poorly combusted particles: EUFA. Under the 
light, Fe2O3 is a good semiconductor which will produce electrons to reduce nitrate to nitrite. 
With the abundance of Fe2O3 in USFA and INFA, nitrite is increased by this photolytic reaction. 
However, for EUFA, without enough Fe2O3, the formation reaches a steady state due to the 
decomposition of nitrite under light. On the basis of the results, our study concludes that the 
fly ash particles provide a potential pathway for bioavailable Fe2+ and generating HONO in the 
atmosphere. 
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Chapter 3：Zinc concentration determination by graphite furnace 
atomic absorption spectroscopy in biological cell samples 
Abstract 
The transition metals are essential for all living organisms, and their deficiency or excess 
can cause serious damage to organisms. So a precise and accurate technique is required to 
quantify the concentration of these elements in the organisms. Graphite furnace atomic 
absorption spectroscopy (GF-AAS) is used in this work to measure the zinc concentration in 
biological -samples. Compared to the other methods, GFAAS can successfully determine not 
only free Zn in cells but also the Zn complexed to proteins. Moreover, GFAAS requires much 
lower sample volumes than other techniques like ICP-MS or X-ray fluorescence, yet has very 
high sensitivity and efficiency at low concentrations.  
 
Introduction 
Transition metals are essential for all organisms in daily life. With a lack of transition 
metals, organisms will not be able to function properly. For example, zinc deficiency will lead 
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to anemia, growth retardation, hypogonadism, diarrhea, taste disorder and immune system 
malfunction in humans.45-48 However, exposure to high levels of zinc is also toxic to organisms 
because every organism requires a strict amount certain amount of micronutrients in its daily 
diet. An excess of Zn leads to malfunction of absorbing other essential micronutrient like Cu.49-
51 Moreover, the transition metals like Cu and Fe will trigger a harmful reactions in humans by 
producing reactive oxygen species, which can damage cells and genetic structure.79-81 To 
prevent damage, cells will utilize metal-binding chaperones and transporters to prevent toxic 
effects. For this reason, accurately determination the content of trace metals in biological 
samples is essential to ensure the proper levels of metals in specific cells. Thus, we introduce 
the Graphite Furnace Atomic Absorption Spectroscopy (GFAAS) as a technique to quantify the 
trace metals present in biological samples. 
In GFAAS, the atomized element within the sample absorbs the wavelength emitted from 
a lamp containing the metal of interest to promote electrons to an excited state. After relaxing 
back to the ground state, the GFAAS detects the amount of photons absorbed by the sample, 
which is proportional to the amount of the element present in the sample. Moreover, GFAAS 
will have a low interference with each element because it relies on the electronic structure of 
the atom, which has a specific absorption/emission spectrum line. By applying the specific 
wavelength corresponding to the metal of interest, other metals will not be excited and detected. 
Thus, GFAAS can be used to quantify trace metals with adequate limits of detection (LOD) 
and high sensitivity.82 The trace metal concentration in a given sample is usually determined 
from a standard calibration curve according to the beer-lambert law. However, applying the 
Beer-Lambert law to GFAAS has some limitation. For example, with a non-homogenous 
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sample, the variations of the concentration will affect the absorbance of metals.  
In this work, we demonstrate the LOD of Zn in GFAAS and analyze the concentration of 
Zn presented in mouse satellite cells, murine neuroblastoma cells (N2A or Neuro2A), murine 
3T3-L1 adipocytes, a human non-tumorigenic breast epithelial cell line (MCF10A), and 
epithelial Madin-Darby Dog Kidney (MDCK) cells to investigate lineage specific variation of 
metal levels in vitro during and after the proliferation or differentiation processes. In order to 
test and enhance the ability of GFAAS, the Zn levels in whole and subcellular fractions (cytosol 
and nucleus) of the five cell lines are also quantified. 
Primary myoblasts are derived from mouse satellite cells, which can form a well-suited in 
vitro model to investigate skeleton growth.83 The N2A cells are derived from the mouse neural 
chest, representing neuronal and amoeboid stem cell morphology. Through a differentiation 
process, the N2A cells can represent several neuron components, such as neurofilaments. 
Moreover, the N2A cells can be used to study neurotoxicity, Alzheimer’s disease, neurite 
outgrowth and asymmetric division of mammalian cell lines.84-86 The 3T3-L1 cells are derived 
from mouse 3T3 cells, used to investigate adipose tissue. The cells display fibroblast-
like morphology, but after differentiation, they present synthesis and accumulation of 
triglycerides and are highly sensitive to lipogenic and lipolytic hormones. At the same time, 
the differentiated cells can be used to investigate the production of cytoplasmic lipid droplets 
corresponding to the morphology change.87,88 The MCF10A cells are derived from 
premenopausal woman with mammary fibrocystic disease. The cells are usually used to 
investigate carcinogenesis in mammals during different stages like proliferation, cell migration 
and invasion.89 The MDCK cells are typically used to investigate the processing of the beta-
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amyloid precursor protein and the establishment of epithelial phenotype. 90 
 
Method 
The cell samples were prepared at the University of Massachusetts and shipped to 
Skidmore College. 
Preparation of standards 
A standard of 1000ppb Zn solution was prepared from a commercial 1000ppm Zn stock 
solution with 2% (v/v) nitric acid in 18ΩM deionized water. The calibration standard solutions 
were prepared from 1000ppb Zn solution by diluting to 5, 8, 10, 15, 20 and 25ppb directly with 
2% (v/v) nitric acid. The matrix modifier was 0.1% (1g/L) Mg(NO3)2. Matrix modifiers are the 
extra chemical elements added into the sample which varies for each element examined. If the 
analyte and matrix volatilize at high temperature, the matrix modifier will eliminate the matrix 
without losing the analyte and stabilize the analyte during pyrolysis. If the sample’s 
concentration was determined to be out of the linear detection range, 18ΩM deionized water 
treated with 0.01% HNO3 (analytical grade) was added to dilute the sample.  
 
Graphite furnace atomic absorption spectroscopy determination 
Graphite Furnace Atomic Absorption Spectroscopy (GFAAS) is a highly sensitive 
technique used to detect the small amount of samples, which makes it ideal to measure trace 
elements in biological samples.82,91-93 The sensitivity of GFAAS highly depends on the 
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individual atom and its electronic structure. A very specific wavelength is assigned for each 
element to absorb/emit. In this study, Zn is assigned and the wavelength is 213.9nm, which can 
be distinguished from other elements in samples. The lamp was set to a current of 20A with 
0.7nm slit. 
 The GFAAS was heated in 5 steps to properly atomize the samples. A volume of 20μL of 
sample or standards with 5μL of matrix modifier was injected into the furnace. The furnace 
was programmed to dry the samples for 30 seconds at 110°C and 130°C to remove the solvent. 
The sample was then heated up to 700°C for 30s to produce a char. After charring, the sample 
was atomized at 1800°C for 5s. At last, the furnace was heated up to 2450°C to clean out all 
the samples and ions remaining in the furnace.55 
 
Result and discussion 
Standards from 0.1 ppb to 300ppb were prepared for the calibration curve. By applying 
the Beer-Lawbert law to the absorbance corresponding to each standard, concentration linearity 
was determined between 5 ppb and 25 ppb as shown in figure 3.1 calculated within a 95% 
confident interval: 
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Figure 3.1: The calibration curve for Zn standards from 5ppb to 25 ppb versus absorbance with 
a stoichiometric correlation of 0.155.  
 
Therefore, the limit of detection (LOD) for Zn standard for graphite furnace atomic 
absorption spectroscopy (GFAAS) is 5 ppb and the limit of linearity is up to 25ppb. According 
to the calibration curve, the measurable concentration is very low, giving the GFAAS an 
advantage in determining trace and ultra-trace metal concentrations (pg/mL to ng/mL) in 
biological and environmental samples. 
Figure 3.2 represents the Zn levels for each proliferating and differentiated or confluent 
monolayer of each cell type, successfully determined by GFAAS in the nM range. In Figure 
2A, a higher Zn level in the differentiated primary myotubes than in proliferating cells is 
observed. Similar behavior is observed for N2A cells, while the Zn level in N2A cells is one 
order of magnitude higher than in primary myoblasts (Figure 3.2B). On the contrary, in 3T3-
L1 cell lines, proliferating pre-adipocytes have a concentration almost one order of magnitude 
higher than the cells induced to differentiate and forming mature adipocytes that accumulate 
lipids (Figure 3.2C). 
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 We also measured the Zn levels in MCF10A and MDCK cell lines. Because these two cell 
lines are both established epithelial cell lines, the preconfluent monolayer has a higher Zn 
concentration than the confluent monolayer in both cells. However, the Zn concentrations in 
MCF10A cells for both preconfluent and confluent monolayers are nearly as twice of that in 
MDCK cells. In MCF10A cells, the cytosol has the same Zn level as that of the nucleus in 
proliferating cells. After the confluence, Zn level drops 40% in whole cells and is mostly 
concentrated in cytosol (Figure 3.2D). A similar trend for MDCK cells is observed when 
confluence is reached. However, instead of equal levels of Zn, the nuclear fraction has a higher 
concentration compared to the cytosol during proliferation (Figure 3.2E). 
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Figure 3.2: Zn concentration presented in (A) Murine primary myoblasts proliferating and 
differentiating for 2 days. (B) Murine neuroblastoma N2A cell line before and after induction 
to differentiate by retinoic acid treatment. (C) Murine 3T3-L1 pre-adipocytes and 6 days post 
differentiation. (D) Pre-confluent and confluent monolayer of the human mammary epithelial 
cell line MCF10A. (E) Pre-confluent and confluent monolayer of the kidney epithelial cell line 
MDCK. *P ≤ 0.05. 
Overall, the low and precise Zn levels show the competitiveness of the GFAAS technique 
compound with other methods like fluorescent probes and inductively coupled plasma mass 
spectrometry (ICP-MS). For example, several fluorescent probes show the Zn range in the 
endoplasmic reticulum from 800 to 5000pM, and in labile mitochondria from 0.1 to 300pM, 
which are consistent with the Zn level in the cytosolic fraction.94 On the other hand, the Zn 
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levels determined in the cytoplasm are consistent with the accumulation of labile Zn in 
mammalian cells.95,96 In fact, Gordon et al. demonstrated that the whole cell Zn in 
differentiating primary myotubes analyzed by ICP-MS is consistent with the amount of Zn 
determined by GF-AAS.53 
 Although various instruments can be used to detect Zn in cells, GFAAS still is highly 
sensitive and accurate since it measures not only the free Zn ions in the cells, but also those 
binding to proteins or small molecules. Paskavitz et al. showed that the Zn measurement done 
by cell-permeable fluorescent probes (highly reactive to in binding to free Zn2+) correlates with 
the measurement done by GFAAS in proliferating and differentiating myoblasts.96 However, 
the results for fluorescent probes may not be able to differentiate the Zn concentration in the 
whole cell vs. protein-bound. Moreover, since Zn exists as a non-redox active species and 
divalent ion, it is difficult to detect in cellular systems.  
 Asides from florescent probes, ICP-MS is another useful technique to quantify the metal 
concentrations in cells. Previous studies have shown that ICP-MS has a lower relative standard 
deviation than GFAAS for quantifying metals like Zn, which makes it more precise. Due to the 
high argon temperature from 5000 to 10000°C, ICP-MS can eliminate most of the chemical 
bonding between metal and molecules, leaving less interference. These bonds can be 
completely removed above 6000°C. However, some chemical bonds can be maintained under 
3000°C, which is in the temperature range of GFAAS, since the clear out stage is at around 
2500°C. This explains the low standard deviation and better detection limit for ICP-MS.97 
However, the ICP-MS requires a much larger sample volume than GFAAS does which requires 
less than 50μL for one measurement and is prominently lower than other techniques such as 
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AAS, and inductively coupled plasma - optical emission spectrometry (ICP-OES) Therefore, 
GFAAS is an ideal technique in this study, given that it’s difficult to cultivate cells in large 
volume. Moreover, GFAAS can be primarily used to investigate the metal content of 
subcellular fractions and small variations due to mutation or transporters binding to the proteins 
or small molecules.98,99  
 One of the disadvantages for GFAAS is the interference from other metal elements. For 
instance, Akman et al. showed that during the high temperature pretreatment stage, sodium will 
interfere the zinc, resulting in a loss of Zn signal under the atomizing process. Thus, a careful 
optimization and standardization is essential for accurate measurement with respect to two 
main considerations: 1. establishing optimum pyrolysis temperature, allowing no analyte lost 
at the maximum temperature and maintaining minimal background noise for analyte; 2. 
establishing an optimum atomization temperature, allowing all of the analyte to be atomized 
and recording at the minimum temperature. Besides that, the GFAAS is still a powerful 
technique to analyze metal concentration in diverse biological samples. Future application of 
Zn detection by GFAAS can be applied to other metal levels in various cell lines to have a 
better understanding of specific physiological needs for trace elements.  
Conclusion 
In this study, we investigated the capability of determining zinc metal concentrations in 
five cell lines using GFAAS and comparing this technique with others. The GFAAS technique 
revealed a similar Zn concentration range in five cell types compared to florescent probes and 
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ICP-MS, indicating the accuracy of the method. However, only less than 50μL of samples are 
required for GFAAS, providing it a unique advantage compared to other techniques, which 
generally requires more than 1mL. Moreover, GFAAS can detect not only free metal ions in 
the samples but also those bound to proteins or metal complexes in various subcellular fractions. 
Overall, GFAAS is an accurate, sensitive, cost-effective technique to investigate multiple 
metals in a small amount of samples at very low concentrations. 
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Chapter 4 : General Conclusion 
Trace elements play a significant role in our daily life. Bioavailable iron will be leached 
from fly ash particles under acidic medias which will impact the global biological cycle. Our 
study analyzes three different fly ashes from three different regions: USA Mid-western, India 
and Europe and the correlation among them. Under HCl, a proton-promoted reaction destructs 
the aluminosilicate structure to leach the ferric oxides inside. However, no Fe2+ and 
significantly less amount of Fe3+ was observed in HNO3. By calculating the Fe3+ concentration 
that forms nitrite, the theoretical value of nitrite is 5 times smaller than the actual concentration, 
indicating the impossibility of proton-promoted reaction. Therefore, a surface-driven reaction 
occurs as summarizing Figure 4.1. Moreover, due to the direct bonding effect of nitrate, iron 
dissolution is partially prohibited, explaining the significant decrease in Fe3+. 
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Figure 4.1: overall mechanisms of iron leaching from fly ashes in HCl and HNO3 solutions. A 
proton-promoted reaction in HCl and a surface-driven redox reaction in HNO3  
Besides the acidic medias, our study also presents the effect of pH and presence of light. 
With higher pH, the rates of iron dissolution and nitrite formation decrease. Under irradiation, 
nitrite formation increases for USFA and INFA with more Fe2O3 but decreases for EUFA with 
more FeO. With the presence of photons, Fe2O3 will generate conduction band electrons, which 
can further reduce nitrate to nitrite. However, nitrite is highly photosensitive and can 
decompose under light, which explains the decreasing concentration for EUFA. 
Besides the importance of trace metals in the atmosphere, trace metals in our bodies are 
also essential for physiological function. However, techniques to determine trace level metal 
concentrations from cells are not uptimed. Our study presents the efficiency and accuracy of 
graphite furnace atomic absorption spectroscopy in analyzing the Zn concentration in 5 
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different cell lines and compares the results with other techniques. The study shows that 
GFAAS can not only analyze the free Zn in cells but also Zn complexed to proteins with 
GFAAS which is not possible using fluorescence probes. Our measurements gave similar 
results with ICP-MS but with less sample volume. Therefore, GFAAS can be utilized to 
investigate the multiple metals in a small amount of samples at very low concentrations with 
high accuracy, sensitivity and cost-efficiency in the future. 
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